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a b s t r a c t

Chromium-nickel alloy 42XNM (XHM-1, Bochvalloy) is considered as a promising material for future
generations of nuclear reactors, primarily as a material for the fuel elements shells in the development of
accident tolerant fuel. However, as with most nickel-based alloys, 42ХNМ is characterized by a sharp
decrease in plastic properties in the temperature range of (500e900)�C. This effect is enhanced by
neutron irradiation. Preliminary tests of ring samples of 42XNM alloy (after irradiation as a part of the
VVER-1000 control system) in the temperature range of ductility failure showed that the standard
technique for processing tensile diagrams does not allow to evaluate the plastic properties correctly at
low strains. Therefore, in this work, the alternative method for testing ring samples from materials with
low plastic characteristics was developed. It was shown that the minimum value of the permanent strain
of the irradiated 42XNM alloy in the temperature range of (500e1100)�C, determined by the alternative
method, was ~1.6% at 750 �C.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The characteristics of nickel-based alloys, compared with
austenitic and ferritic-martensitic steels, allow us to consider them
as materials for the fourth generation reactors (Gen IV) [1]. One of
such promising nickel-based materials is the 42XNM alloy [2]. This
alloy is used for the control rod shell of the VVER-1000 reactor, and
also for the fuel element shell of the transport marine reactors [3,4].
In addition, 42XNM alloy is currently considered as a candidate
material for the fuel element shell in the development of accident
tolerant fuel (ATF) [3].

This alloy has a unique set of properties: it is practically not
affected by low-temperature embrittlement, has high corrosion
resistance in water vapor, increased strength and plastic charac-
teristics compared to austenitic steels, high resistance to corrosion
cracking, and sufficient processability [2,5,6]. The main disadvan-
tage limiting its use during neutron irradiation at high tempera-
tures is a decrease in ductility at the temperature range of
(500e900)�C [7], which is typical for nickel-based alloys even in
the initial state [8e12].
urovich), frolov_as@nrcki.ru
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Neutron irradiation leads to an increase in the embrittlement
rate of these materials [13e15]. For example, according to Ref. [7],
where static tensile tests of ring samples of 42XNM alloy were
carried out after irradiation up to fast neutron fluence in the rage of
((0,9e4,1)$1026 n/m2), the plasticity of thismaterial at (600e700)�C
decreases almost to zero. However, the quantitative estimation of
plasticity characteristics for relatively brittle materials is a non-
trivial task and is determined by the sample type. Various testing
methods are used to determine the mechanical properties of
tubular samples [16], which include rings/tubes tensile [17e22]
and compression tests (for example, for oxidized samples of
zirconium-based fuel claddings) [23e26]. These test methods are
characterized by strain heterogeneity [21]. Therefore, to achieve
uniform circumferential deformation throughout the sample, some
approaches (based on testing of tubular/ring samples using internal
gas pressure, inner pressing a plastic material [27,28] or a conewith
the corresponding equipment [29,30]) were applied. Other
methods include the tubes tensile test along the axial direction, or
standard axial specimens [31], as well as indent the ball [32].

The simplest (and requiring a minimum amount of material for
the sample preparation) one from the methods to determine the
plasticity characteristics (described above), is ring tensile test using
grips with semi-cylindrical D-shaped mandrels. Also, the previ-
ously obtained ductility data for 42XNM [7] are based on the
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Table 1
The chemical composition of the 42XNM alloy.

Concentration, mass. %

C S P Mn Cr W Ti Si Mo Fe Al Ni

�0.030 �0.010 �0.010 �0.20 40.50e43.50 0.05e0.30 �0.25 �0.25 1.00e1.50 �0.60 �0.40 Bal.

Table 2
Nominal geometry of tested ring samples.

Material Outer diameter dout, mm Internal diameter din, mm Sample thickness a, mm Sample height b, mm Cross-sectional area a � b, mm2

42XNM 8.16 ± 0.04 7.18 ± 0.04 0.49 ± 0.03 3.05 ± 0.11 1.49 ± 0.15
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implementation of this approach (ring tensile test). However, dur-
ing these tests, the stress-strain state is not uniaxial. This fact
complicates the results processing, especially for low strains, and
introduces excessive conservatism in testing relatively brittle ma-
terials. Therefore, for this conservatism decrease (in assessing the
plastic characteristics of the 42XNM alloy after neutron irradiation
in the temperature range of (500e900)�C and other relatively
brittle materials) it is necessary to develop an alternative method
for testing ring samples, which would allow to measure small
ductility values of samples at different temperatures. This data is
extremely necessary to justify the applicability of 42XNM alloy as a
shell of accident tolerant nuclear fuel.

In further studies, the obtained data will help to carry out a
correlation analysis with the structural parameters to understand
the mechanism of a sharp decrease in the NieCr-alloys ductility
after neutron irradiation.
2. Materials and investigation methods

2.1. Materials

In this work, the rings tensile tests of the 42XNM samples cut
from the control rod shell of the VVER-1000 control system after
irradiation to the fast neutron fluence of (1,0e1,7)$1026n/m2 (with
E > 0.1 MeV) at the temperature range of (300e320)�C were
performed.

Table 1 shows the chemical composition of the 42XNM alloy.
Table 2 presents the geometric parameters of the studied ring
samples, and Fig. 1 shows the corresponding scheme of the ring
sample.
1 Oxide film thickness and etc.
2.2. Mechanical test parameters

Since the 42XNM alloy after neutron irradiation possesses
relatively high values of strength characteristics (yield strength and
tensile strength) [2], static tensile testing of this material in the
temperature range of (500e1100)�C required several standard grips
modifications [33].

First, the applying of typical structural and tool steels for the
grips fabrication for these tests (in the temperature range above
700 �C) is impossible due to the a/g transition and a sharp
decrease in the strength properties of these materials. Therefore,
the ZhS6U alloy (analog of MAR M200 having very high strength at
elevated temperature [34]) was selected as the material of the
grips.

Secondly, during ring samples testing it is necessary to eliminate
stress concentrators arising in the sample at the contact points of
the D-shaped mandrel edge and the inner surface of the ring
sample. It required a change in the geometry of the semi-cylindrical
mandrel (see Fig. 1a). Also, to eliminate the plastic deformation of
the mandrels during tests at high temperatures, the grip's design
was modified (the stiffeners were added) to exclude its excessive
(elastic) bending and increase their overall hardness (see Fig. 1b).

The mechanical testing was carried out using the Hegewald &
Peschke Inspekt 50 kN tensile testing machine with a loading/
unloading speed of 3 mm/min.

Since the 42XNM alloy is considered as a potential material for
the fuel rods cladding in the development of ATF, it is necessary to
investigate its behavior at temperature-time parameters corre-
sponding to the LOCA (loss-of-coolant accident), which is charac-
terized by rapid heating (few seconds) of the cladding to a
temperature of ~800 �C [35]. Therefore, to assess ductility at the
closest possible heating parameters to the LOCA, the mechanical
tests were carried out at heating rates of (25e55)�C/s and expo-
sures at maximum temperature of ~40s.

To ensure the indicated heating parameters in the temperature
range of (500e1100)�C, the induction heating furnace VCh-15 A
was used. The temperature was measured using the FLIR A315 IR
temperature sensor. Since the temperature value determined by
this method depends on the emissivity of the material and the
object shape, to eliminate the scatter in the temperature measuring
for ring samples with different surface quality1 (and therefore
different emissivity), the sample temperature was taken equal to
the mandrel temperature near contact with the ring. Due to the
total temperature exposure duration, the temperature gradient
over the ring surface was not taken into account. Regulation of
heating parameters was controlled using the PID-controller. Fig. 2
shows the typical thermograms. It can be seen that the time to
reach the setpoint temperature did not exceed 25 s. Rings tensile
tests were carried out after exposure (~40 s) at the setpoint tem-
perature. The total time of exposure and testing was ~ (60e110) s.
2.3. Design model

2.3.1. Parameters of finite element model (FEM)
To assess the local stress-strain state, finite element calculations

were performed using Ansys Workbench. Due to the presence of
sample symmetry, the calculation was carried out only for 1/8 of
the ring. The geometric dimensions of the model were taken from
the average sizes of the samples and grips. In this case, finite cubic
elements with different sizes were used. In the most stressed re-
gions of the sample (regions H (horizontal direction) and V (vertical
direction)), revealed from preliminary calculations, and also on the
interaction surfaces (the inner surface of the ring sample and the
outer surface of the mandrel) a finer mesh of finite elements of size
50 mm was specified (Fig. 3).

The material properties of the ring samples were accepted as



Fig. 1. Scheme of the ring sample and grips (a) (hatching shows sections of typical D-shaped mandrel) and scheme of the grips for ring tensile testing (b).

Fig. 2. The typical thermograms (induction heating).

Fig. 3. The geometry and the finite elements mesh used in the calculation model.

Fig. 4. Stress-strain curves of the ring specimen.
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isotropic elastoplastic. A multilinear model of isotropic hardening
was used. The elastic modulus for alloy 42XNM was set equal to
E ¼ 225 GPa [36] and Poisson's ratio of 0.3. The yield strength and
hardening rate were determined from the experimental (engi-
neering) tensile curves. For this, the initial engineering tensile
curve of the ring sample in the initial (unirradiated) state obtained
at room temperature was transformed into the true tensile curve2

from which the elastic deformation was subtracted. As a result,
thework hardening (flow) curvewas calculated (the dependence of
the true stresses on the true plastic deformation, Fig. 4). In this case,
the main linear slope of the experimental tensile curve was chosen
as the elastic fragment.

The contact interaction between the sample and the grips was
accepted as the contact with the friction coefficient of (0.0e0.6).
The deformation of the ring was carried out due to a given calcu-
lated imposing an increasing displacement to the grips.
2 The true tensile curve was calculated by converting the engineering stresses
and strains into true ones according to the following equations [40]: S ¼ sð1þεÞ;
e ¼ lnð1þεÞ where S is the true stress, s e the engineering stress, ε e the engi-
neering strain, e e the true strain, ε e engineering deformation.
2.3.2. Validation FEM-model using Digital Image Correlation
The validation of the finite element model was carried out using

the Digital Image Correlation (DIC) method, which is schematically
presented in Fig. 5a. For this, the speckle structure with an average
size of (20e30) mm was applied to the side surface of the ring
sample using a laser marker (Fig. 5b). The Toupcam
UCMOS05100KPA camera, in combination with the Olympus SZX7
optical system, was used to record images of the sample during its
deformation. The stiffeners were taken off during the record. For
DIC-analysis, Ncorr software (with open source code based on
Matlab) was used, which allows the calculation of displacements
and strains [37].



Fig. 5. The installation diagram for DIC (a) and the resulting speckle structure (b).

Fig. 7. The typical tensile diagram of 42XNM ring samples after neutron irradiation
during testing in the temperature range of ductility failure and the corresponding
unloading curve with decomposition of displacement components during a ring ten-
sile test followed by sample unloading.
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2.4. Standard tensile curve processing technique

The total elongation after a ring tensile test is usually [33] ob-
tained by evaluating a distance at sample failure to the elastic
regime in terms of applied displacement and then normalize this
quantity, by a sample gage length that remains to be defined.

In this case, the total elongation is determined by the following
ratio:

d¼Dl
l
$100% ; (1)

where Dl is the strain determined by the curve, l is the gauge length
(the region of the ring sample with plastic deformation).

According to the technique described in Ref. [33], the gauge
length is calculated by the following relation:

l¼p

2
ðd� kdmÞ (2)

where d is the average diameter of the sample, dm is the mandrel
diameter, and k is the coefficient ~ 0.65 for 42XNM alloy [7]. A
~5.9 mm gage length was evaluated using equation 2 and above
mentioned k value (for the parameters given in Table 2 and the
diameter of the mandrels dm ¼ 6 mm).
3. Results and discussion

3.1. Analysis of ring samples deformation

Preliminary tests of the 42XNM rings samples in the initial (non-
Fig. 6. The tensile diagram of a ring specimen in the initial state at room temperature
(dashed lines show the unloading curves).
irradiated) state showed (see Fig. 6) that, in addition to the main
linear curve fragment (CD), the previous one (with a smaller slope
(AB) and corresponding to the shrinkage of the ring during
straightening) can be found in the tensile diagram.

Fig. 6 also shows that the unloading curves obtained for samples
stretched to displacements between grips from 0.5 to 1.0 mm
(which is less than the end of the main linear fragment CD
(~1.1 mm)) did not reach zero values along the abscissa axis (when
the load was completely removed), which indicates the presence of
permanent plastic deformation.

Preliminary tests of irradiated ring samples in the temperature
range of (500e900)�C (see Fig. 7) showed that, depending on the
temperature, these samples can be fractured at smaller displace-
ments between grips than the beginning of the main linear frag-
ment CD.

Fig. 7 also shows the photo of the fractured irradiated ring
sample and the unloading curve obtained for another specimen
after stretching to corresponding distance (displacement of
unloading start, Ddunl), close to the displacement, at which the first
specimen was fractured (critical displacement, hcrit).

3

It is seen that the fractured ring had some ellipticity. In addition,
3 The critical displacement is the displacement at which the sample of the main
group (irradiated to high fast neutron fluence) fractured. The displacement of
unloading start is the displacement at which the sample of the additional group
wasn't facture. Its value is close to critical displacement. For more detail, see section
3.2.



Fig. 8. Scheme of the alternative ring tensile test method.

Fig. 9. The typical tensile diagrams of the irradiated ring samples (main group) at
different temperatures.
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the analysis of the unloading curve showed that after removal of
the elastic displacement (Ddunl-Dd), the permanent displacement
Dd in the tensile direction was found.

The permanent displacement and the corresponding ellipticity
are probably caused by the plastic bending deformation at the stage
of the sample straightening. The standard tensile test technique
(based on the processing of tensile diagrams) does not allow to
estimate this deformation (since the standard method does not
take into account the initial stage of the ring shrinkage).

Therefore, for the ring samples with low ductility, fractured
during small grips displacements (before reaching the main linear
fragment of the tensile diagram), the alternative mechanical test is
necessary.

3.2. Alternative ring tensile test method

To assess the plasticity of irradiated ring specimens that fracture
at the stage of preferential bending (fragment AD in Fig. 6), an
alternative method for assessing plasticity was used. Its structure is
shown in Fig. 8.

The alternative method (approach) proposed in this work in-
volves the following test steps:

1. Tensile tests of three ring samples (main group) at a given
temperature with their fracture and following determination of
the average critical displacement between grips (the critical
displacement is the one associated to the first significant load
drop on tensile curve).

2. Tensile test of one ring sample at a given temperature (without
fracture) before reaching the average critical displacement hcrit
(according to item 1). In this case, the unloading curve (hyster-
esis) is recorded. To prevent the sample fracture when the
average critical displacement (from item 1) will achieve, sam-
ples with a lower irradiation dose (additional group) are
selected for these tests.

3. The permanent (alternative) strain of the material (similar to
permanent strain during ring compression test [38]) is deter-
mined as the ratio of the permanent displacement (determined
by the point of intersection of the unloading curve with the
abscissa axis) and the initial (before testing) internal diameter of
the ring sample:

dd ¼
Dd
di

$100% ; (3)

where Dd is the permanent displacement of the ring specimen in
the tension direction, determined from the unloading curve, di is
the inner diameter of the ring specimen at room temperature in the
state before the test.

The main group included ring samples after neutron irradiation
with a fast neutron fluence in the range of (1.4e1.7)$1026 n/m2. At
each temperature (in increments of (50e100)�C) in the range of
(500e1000)�C, three ring samples of the main group were tested.

The fast neutron fluence of the additional group was ~1$1026n/
m2.
3.2.1. Tensile tests of ring specimens with fracture
Fig. 9 (a, b, c) shows the typical tensile diagrams of ring samples

from 42XNM alloy (after neutron irradiation) obtained as a result of
static tensile tests with a fracture in the temperature range of
(500e1100)�C and at heating parameters corresponding to the
LOCA. In the present study, when testing temperature exceeded
500 �C, the sample failures were systematically observed along the
second linear slope (see Fig. 6) indicating a sharp decrease in the
material ductility. In the range of (700e800)�C, the loading curves



Fig. 10. The tensile diagrams of irradiated ring samples with cracks in H (a) and both (H and V) areas.

Fig. 11. The temperature dependence of the critical displacement for ring samples
from 42XNM during tensile tests.

5 It is important to note that the developed finite element model was validated
only for unirradiated samples tested at room temperature. However, the speckle
pattern actively changes during heating in air, which complicates the analysis.
Consequently, the use of irradiated ring samples was limited. Besides, the stiffeners
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had significant differences compared with the curves obtained at
other temperatures, consisting in the presence of additional max-
ima corresponding to the cracks formation on the ring samples in
the areas of maximum plastic deformation.

In the temperature range of (700e800)�C, which corresponds to
critical displacements ~ (0.3e0.4) mm, crack formation occurred
mainly in the upper part of the ring specimen (region V) in the
contact area with the mandrels (see Fig. 10 b). When the distance
between grips was more than 0.4 mm, the formed crack opened
and the second crack grew in the center of the free region (region
H). During the tensile test outside the temperature range of
(700e800)�C, when higher displacements are achieved, ring sam-
ples were fractured mainly in the center of the free region (point H)
(see Fig. 10 a).

Fig. 11 shows the dependences of the critical displacement on
the test temperature obtained from the analysis of tensile diagrams
for samples irradiated to different damage doses. It can be seen that
in the range of fluences (1.0e1.7)$1026n/m2, the minimum is ob-
tained in the temperature range of (750e800)�C. Also, samples
with a fluence of 1.0$1026n/m2 have slightly higher critical dis-
placements, which is probably due to a lower irradiation dose and a
corresponding lower degree of structural degradation.

3.2.2. Tensile tests of ring specimens without fracture
To obtain unloading curves (hysteresis) and to estimate the

permanent strain corresponding to fracture of the ring samples (for
the main group), tensile tests (for the additional group of samples)
were carried out with the unloading after reaching the average
critical displacements corresponding to the fracture of the main
group of samples. Fig. 12 (a, b, c) shows the obtained curves with
the unloading stage in the temperature range of (500e1000)�C.4 It
can be seen that at all test temperatures there was permanent
displacement.

Fig. 13 shows the temperature dependences of the displacement
of unloading start (Ddunl, the distance between grips when the
unload process was started), permanent displacement (Dd) of the
ring samples (the additional group), as well as the elastic
displacement (Ddunl-Dd). It can be seen that both the dependences
Ddunl(T) and Dd(T) haveminimumvalues at 750 �C, which indicates
the minimum value of ductility at this temperature.

To determine the local plastic strain of the ring samples after
4 The comparative analysis of Figs. 9 and 12 showed that there was a difference in
the load-displacement dependences under the same heating conditions, especially
at the temperature range of (800e1000)�C. This fact is probably due to the geo-
metric dimensions scatter of the samples (see Table 2) and the possible difference
in the material properties itself, caused by the difference in the irradiation condi-
tions. This scatter was accepted as an error of the alternative method.
tension, the appropriate calculation using the finite element
method is required. However, to use the FEM, its validation is
necessary. In this work, such validation was carried out by DIC.
Distribution maps of plastic strains and their maximum values
(using the FEM and DIC methods) for various permanent strains
(calculated using formula 3) are presented in Fig. 14. It can be seen
that the FEM-model is in a good agreement with DIC-data.5 A lower
value of the equivalent plastic deformation on the outer surface of
the ring sample (Rout region) in the case of DIC analysis compared
with the FEM (see Fig. 14a) may be due to the predominant
compression strain in this region at the bending stage (the differ-
ences in the material deformation under tension and compression
tests were not taken into account in the finite element model).
Fig. 14b shows the FEM results at various friction coefficients. It can
be seen that at the bending stage, the friction coefficient did not
have a significant effect.

The calculation of equivalent plastic deformation was carried
out using the following relation [39]:
and the induction heater spiral directly create difficulties in obtaining a correct
digital image of the side surface of a ring sample. Therefore, in the present work,
the assumption was made that the residual (permanent) diameter value after
unloading is determined only by local plastic deformation that has passed in the
sample. That is, if the samples with different properties, but with the same initial
geometric parameters, after stretching (to different displacements) and unloading,
have the same residual diameter. Then they have the same local plastic
deformation.



Fig. 12. The tensile diagrams of the irradiated ring samples (the additional group) with
the unloading stage at different temperatures.

Fig. 13. The temperature dependences of the displacement of unloading start (Ddunl),
permanent displacement (Dd) of the ring samples, and the elastic displacement
(Ddunl-Dd).
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εe ¼
ffiffiffi
2
9

r ��
εx � εy

�2 þ �
εy � εz

�2 þ ðεz � εxÞ2
�1

2 (4)

where εx; εy and εz are the principal strain components.
Fig. 15 shows the obtained temperature dependences of plas-

ticity, determined by standard (total elongation) and alternative
(permanent strain) methods, as well as the dependence of local
equivalent plastic strain, determined from the FEM-calculations.
The total elongation was determined using equation (1), where
the gauge length lwas 5.9 mm. The elongationwas estimated for all
curves, including the curves without the main linear fragment. The
permanent strain was calculated using equation (3), where
di ¼ 7.18 mm (the initial diameter). Also, Fig. 15 shows the data [7]
for comparison. It is seen that the obtained temperature depen-
dence of the total elongation is in good agreement with the avail-
able data on the testing of irradiated 42XNM ring samples after
neutron irradiation [7].

Analysis of the temperature dependences of the total elongation
and the permanent (alternative) strain showed that the standard
technique, unlike the alternative, does not give an idea of a quali-
tative change in the ductility of the irradiated 42XNM alloy at
temperatures above 500 �C, since it has excessive conservatism. A
comparison of the permanent strain values with the calculation
results (FEM) showed that the temperature dependence of plastic
deformation (determined by the change in diameter) is in quali-
tative agreement with the results of modeling (see Fig. 15).

The application of the described alternative method made it
possible to reveal the presence of plasticity in the temperature
range of (500e1100)�С for the irradiated 42XNM alloy (and other
brittle materials). At 750 �C, a minimum value of permanent strain
of 1.6% was obtained, which was due to a lower value of local plastic
deformation (~0.2%). It was also shown that at higher temperatures,
the plasticity of this material increases.

The plastic (permanent) strain estimated by the alternative
method allows evaluating only the qualitative nature of the
ductility change at different temperatures. But it may be sufficient,
for example, to reveal a correlation between the plastic character-
istics and the structural phase state of the irradiated material. Also,
the alternative technique allows concluding about whether the
material has the ability to develop plastic deformation or not. This
procedure is necessary to justify the applicability of the 42XNM
alloy as a material for ATF-shell. For example, a similar approach
(determining the plasticity presence by the residual (permanent)
diameter) is used in compression tests of zirconium shells with pre-
oxidation using the loss of coolant accident (LOCA) parameters [38].

Thus, it is shown that tensile tests of relatively brittle ring
samples using the developed (alternative) method can reduce
conservatism in determining the plastic properties, as demon-
strated by the example of testing 42XNM alloy samples after
neutron irradiation. The use of the standard method for processing
tensile diagrams gave incorrect values of the plasticity character-
istics and not allowed to estimate the real change in plastic prop-
erties in the temperature range of (600e1100)�C.

The approaches developed in this work can be used to test
brittle ring samples, including at temperature-time parameters
corresponding to the accident with loss of coolant (LOCA), which is
necessary during developing ATF.
4. Conclusion

As a result of tensile tests of the 42XNM ring samples in the
temperature range of (500e1100)�C after irradiation to fast neutron
fluence (1.0e1.7)$1026n/m2 under VVER-1000 conditions found
that:



Fig. 14. The typical maps of equivalent plastic strain for the ring sample with permanent displacement 700 mm (permanent strain 9.8%) (a) and maximal equivalent plastic strain on
the annular face of the ring sample versus permanent strain from DIC and FEM with various frictional coefficients (b) (all data for unirradiated state and test at room temperature).

Fig. 15. Temperature dependences of the 42XNM alloy ductility after neutron irradi-
ation obtained by various methods from tensile tests of ring samples.
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1. The standard method for processing the tensile diagrams of ring
samples does not allow to correctly assess the ductility of rela-
tively brittle materials at small strains due to the stage of sample
shrinkage since the stress-strain state, in this case, is not
uniaxial;

2. Testing with unloading stage without fracture allows deter-
mining the permanent diameter change of the sample caused by
the plastic bending deformation during the shrinkage stage;

3. The irradiated alloy 42XNM has nonzero plasticity in the entire
temperature range of (500e1000)�C;

4. The temperature dependence of the permanent strain for the
42XNM ring samples after neutron irradiation, determined by
the alternative method, has a minimum of ~1.6% at 750 �C,
which is due to a lower value of local plastic deformation
(~0.2%). An increase in test temperature leads to an increase in
ductility values.
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